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Abstract

This report describes a roadmap towards a design method for high temperature nuclear
cladded components that does not require long term testing of clad materials. Molten Salt
Reactors (MSRs) will operate using corrosive fuel or coolant salts. The existing Class A
metallic materials qualified for ASME Boiler and Pressure Vessel Code Section III, Division
5 design are not optimal for corrosion resistance when exposed to MSR salts. Corrosion
could then severely limit the service life of MSRs. One option to alleviate this could be
to Code qualify new corrosion resistant materials. However, this is a lengthy and expensive
process and MSR developers have a near term need for a design solution that enables reactor
designs with long service lives.

An alternative would be to use cladded components – overlay some existing Class A
material with a thin layer of some corrosion resistant material. This report describes the
outlines of a design strategy that would enable this approach. The strategy relies on approx-
imate design analysis methods for certain types of clad/base systems that avoids requiring
long-term mechanical properties for the clad materials. This would allow the use of cladded
components in the near term, without requiring long testing programs. However, it will limit
the types of clad materials that can be used.

This report describes the design framework, demonstrates the effectiveness of the approx-
imate analysis methods, and confirms the approach using full scale finite element analysis
of prototypical cladded high temperature components. It also describes a roadmap towards
a complete design method and surveys available clad materials and bonding methods for
suitably, considering only mechanical and not environmental effects.
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1 Introduction

1.1 Cladded components for high temperature nuclear service

Molten salt reactors (MSRs) use corrosive salt coolant and fuel chemistries [18, 29, 41].
These coolants and fuels will necessarily be in contact with structural components which
must maintain the integrity of the reactor pressure boundary under the high operating
temperatures of around 700◦ C. Most likely, as U.S.-based MSR would be designed to the
ASME Section III, Division 5 rules for high temperature nuclear reactors [5]. The Code
currently has five material qualified for Class A pressure retaining components: austenitic
stainless steels 304H and 316H, ferritic steel 2.25Cr-1Mo, ferritic-martensitic steel 9Cr-1Mo
(Grade 91), and austenitic high-alloy steel 800H. An in-progress Code Case will add the
nickel-based Alloy 617 to the list of allowable Class A materials.

However, none of these materials are ideal for resisting corrosion when exposed to MSR
salt. As such, corrosion will be a major constraint on long-life MSR designs if limited to the
current Class A alloys. One option for overcoming this limitation would be to Code-qualify
new, corrosion-resistant materials for Class A service. However, the process of Code quali-
fying a new material is lengthy and expensive, requiring long-term creep and creep-rupture
test data. MSR designers have a near-term need for corrosion resistant, high temperature
nuclear components. This near-term need would preclude qualifying new Class A materials.

An alternative would be to allow designers to clad an existing Class A base material
with some corrosion resistant clad material. The idea would be the Class A material would
resist the elevated-temperature structural loads while the clad only serves to protect the base
material from the corrosive coolant. Because the clad does not carry the structural load,
this approach could avoid the long-term testing required to Code qualify a new material.

The nuclear industry has experience with cladded vessels for light water reactors (LWRs).
LWR reactor vessels are typically made from carbon steel clad with a stainless steel layer
in contact with the reactor coolant water. Additional information can be gleaned from the
practices of the high-temperature petro-chemical industry. However, there is no set of design
rules currently suitable for designing cladded components for elevated temperature nuclear
service. This report begins to address this deficiency.

The goal for a set of design rules is to be as independent as possible as to the selection of
a clad material. This would allow designers full flexibility in choosing a material suitable for
their coolant or fuel chemistries and the structural details of their reactor system. However,
both practical design considerations and the available salt chemistries tend to limit the types
of clad materials. Chapter 2 discusses this in further detail, but this report focuses on two
types of clads: elastic clads, exemplified by refractory metals and refractory metal alloys and
compliant clads, exemplified by nickel or high nickel alloys.

1.2 Existing rules in Section III, Division 5

There are existing rules for rule temperature nuclear cladded components in Section III,
Division 5 of the ASME Boiler and Pressure Vessel Code [5]. HBB-2121(c) allows the use
of materials that do not meet the HBB material specifications if they are used as clads with
thicknesses less than 10% of the vessel wall. This provision allows the approach described
above, which avoids the long term testing required to Code qualify a material for Class
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A components. The HBB stress classification tables provide guidance on classifying ther-
mal stresses arises through differential thermal expansion. Specifically, the table suggests
classifying such stresses as peak. Finally, HBB-3227.8 contains three relevant provisions:

1. When designing a cladded component for primary load ignore the clad material — do
not attribute any material strength to it.

2. Similarly, ignore the clad in buckling design.

3. However, the designer must consider the clad and the interaction of the clad and base
materials when designing the vessel to meet the Division 5 deformation controlled
quantity limits — creep-fatigue damage and ratcheting strain accumulation.

The third provision is the most significant. It requires designing the clad/base system to
meet the Code creep-fatigue and ratcheting strain limits. However, it provides no design
rules. This report begins to address this gap. The goal is then to develop a set of design
rules that ensure both clad and base material integrity under long term, high temperature
service, with the added constraint of not requiring long-term testing.

This report addresses a portion of the challenge of developing design rules for cladded
elevated temperature nuclear components by assessing the mechanical interaction of the base
and clad materials in prototypical reactor components. The goal is to assess the impact of
adding a clad on the base material system to determine if the clad could negatively affect the
mechanical integrity of the base. Additionally, we aim to develop design analysis methods
that reasonably represent or bound the mechanical response of the base and the clad materials
without requiring long term test data to establish a constitutive model for the clad.

1.3 Report Overview

As described in Chapter 2, we divide clads into three categories: elastic, compliant, and
neither. For the first two this report develops simplified analysis rules that bound the
structural response of the system without requiring long-term creep constitutive properties
for prospective clads. Chapter 2 also discusses potential routes towards full design rules
leveraging existing Section III, Division 5 methods [3–5].

To determine the effectiveness of these analysis methods and to determine the range of
applicability for the elastic and compliant design strategies, Chapter 3 develops a simplified,
1D model of a cladded cylindrical vessel or pipe section. Chapter 4 then uses this simplified
model to run high-throughput simulations of thousands of combinations of base/clad mate-
rial properties and structural loading to determine the range of validity of the elastic and
compliant analysis approximations. Chapter 5 further verifies the proposed analysis strate-
gies by running full-scale axisymmetric and 3D analyses of representative cladded reactor
components. Finally, Chapter 6 summarizes the conclusions of this report and discusses fu-
ture work on developing design rules for cladded, high temperature, nuclear components. An
appendix to the report summarizes material properties of several prospective clad materials
to assess the suitability from the mechanical point of view only, i.e. not considering chemical
interaction with the MSR salts.
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1.4 Bonding methods

Several bonding or deposition methods are feasible for joining the clad and base materials.
This section is not intended to be a comprehensive review of available options, but rather
to note the feasibility of bonding potential materials of interest. There are two general
categories of materials of interest for high temperature MSR clads: pure, ductile materials
like nickel and refractory metals and refractory metal alloys.

Weld overlay clads are formed by depositing weld material through relatively standard
fusion welding processes on top of the base layer. This method is widely used in the petro-
chemical industry and has been demonstrated for stainless steel [53] and nickel [17] clads.
Welding refractories, like molybdenum [57], is notoriously challenging so the weld overlay
process may not be well suited for these materials.

Coextrusion/roll bonding processes use hot work to bond two materials. The process has
been demonstrated cladding stainless steel on carbon steel [32] and aluminium and other pure
materials, including nickel, on stainless steel [49]. Corolled plates are commercially available
with nickel cladding. Coextrusion processes have been demonstrated with refractory and
refractory alloy metals, particularly focusing on thin clad canning applications [10, 26].

Explosion bonding using a controlled high-explosive detonation to bond two materials,
essentially by flowing the materials into one another by jetting mechanisms at the shock
front [9, 14]. The process has been demonstrated for a wide variety of materials, including
refractory metals [58].

Cold spray processes jet a powder of a metallic material onto the surface of another
material using a supersonic gas to carry the metal powder [37]. The process has been
demonstrated for many materials, from pure metals, including refractory and reactive metals,
to complex alloys [51].

This section did not attempt to sample the full variety of available technologies, which
include many novel advanced manufacturing techniques in addition to the more established
methods [34, 40, 52]. The point is to demonstrate that available commercial technologies can
produce cladded components using the clad materials of interest for high temperature, MSR
applications. The strength and reliability of the interfaces produced by these technologies
remains to be evaluated, particularly for high temperature service. This report focuses
instead on the integrity and mechanical interaction of the base and clad materials assuming
a perfect interface.
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2 Bounding analysis strategies and conceptual design methods for cladded
components

The introduction describes a near-term need for design rules for elevated temperature cladded
nuclear components. A design method for cladded components to be embedded in the ASME
Section III, Division 5 rules should guard against the six failure modes considered by the
Code:

1. Time-independent plastic instability

2. Time-dependent creep-rupture

3. Creep-fatigue damage

4. Time-dependent cyclic excessive deformation (ratcheting)

5. Time-independent buckling

6. Time-dependent buckling.

A potential design method should guard against these failure modes in both the base and
clad material and should account for the mechanical interaction of the base and clad in the
composite system.

Additionally, in the clad there are additional potential failure modes not fully considered
in the existing rules

1. Failure of the clad/base interface

2. Brittle failure of non-ductile clad materials.

The goal of this work is to develop a design method to prevent these potential failure
modes without requiring long term testing on clad materials. A complete design method has
two components: a method of analysis and design checks on the analysis results to guard
against each potential failure mode. In principal a design method might “mix and match”
using different combinations of analysis methods and design checks to guard against each
individual failure mode. However, in general existing design methods use a common analysis
approach and then individual design checks.

In the context of cladded components the analysis method must account for the mechan-
ical interaction of the base and clad materials — how the clad material affects the structural
response of the base material without clad and vice-versa. The development of such an
analysis method is the primary focus of this report. For design checks and rules the report
is limited to a general evaluation of the merits of different approaches.

2.1 Analysis methods

A general goal for a design analysis method is simplicity. A designer will need to analyze
many structural components for many combinations of loading conditions. The second ob-
jective for a clad analysis method set out here is to avoid long term testing of clad materials.
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This requirement limits the type of analysis that could be done for the clad material, as
constitutive models for creep cannot be calibrated without long-term test data.

The general analysis strategies described here are independent to the particular, final
design analysis approach. Section III, Division 5 and associated nuclear Code Cases describe
three potential methods of analysis:

1. Design by elastic analysis

2. Design by elastic perfectly plastic (EPP) analysis

3. Design by inelastic analysis.

The analysis strategies developed here could be used for any three of these options. The key
question addressed in this subsection is how to treat the clad material in the general sense
if long term clad material properties are unavailable.

The subsequent subsections describe three types of clad/base systems: elastic clads, com-
pliant clads, and intermediate cases which do not fall into either of the first two categories.
These general categories are expanded into particular ranges of clad/base material property
mismatches in subsequent chapters. Each subsection describes the types of clad/base mate-
rials that might fall into the category and a general method of analyzing the particular type
of material system that could, conceptually, be put into practice in any of the three existing
Division 5 design methods.

2.1.1 Elastic clads

In general, an elastic clad has a higher yield stress and generally plastically deforms at higher
flow stresses than the base material and creeps slower than the base material. Examples of
these types of clad materials, relative to the HBB Class A materials, might refractory metals
including tungsten and its alloys, molybdenum and its alloys, and potentially some reactive
metals.

The method we propose to analyze these types of systems is to treat the clad material as
linear elastic. The base material constitutive response would be the standard representation
for the underlying design method: elastic for design by elastic analysis, elastic perfectly
plastic for EPP, and inelastic for design by inelastic analysis.

Clearly, this proposed analysis method does not require long term material properties.
The only properties required to conduct the analysis are the clad elastic and thermal-
mechanical properties at temperature, measured through standard short term tests. The
accuracy of this method will depend on linear elasticity representing the actual material
response of the clad material, hence the requirement that the clad material have a higher
yield stress and lower creep rate than the base material. Subsequent chapters assess the
accuracy of this design approach for generic base/clad material systems and for particular
materials of interest.

In additional to the traditional elevated temperature modes, elastic clad design must also
consider the possibility of brittle failure in the clad. A subsequent subsection discusses this
failure mode.
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Analysis fails
Unacceptable connection detail

Clad shear

Analysis succeeds
Acceptable connection detail

Figure 2.1: Example of a connection detail that would fail the compliant clad analysis and
a corresponding design fix. The connection on the left requires the clad material to bear
shear to transmit the load from the two base material sections. A compliant analysis of this
system would fail as it would predict infinite deformation in the clad. The connection detail
on the right resolves the issue by transmitting the force directly into the base material. The
compliant analysis method prevents designers from making an actual design mistake: relying
on the clad material strength.

2.1.2 Compliant clads

A compliant clad is essentially the opposite of an elastic clad. Relative to the base material
the clad has a lower yield stress, flow stress and creeps faster. Examples of these types of
clads include pure materials like nickel as well as alloys with relatively low creep resistance.

Additionally, compliance depends on the thickness of the clad. Very thin clads, even if
relatively rigid, will be compliant relative to the effective stiffness of the base material. The
analysis in this report does not consider this effect. Instead it focuses on the bounding case of
a 10% thick clad, the upper limit currently implemented in Section III, Division 5. With the
clad thickness fixed the compliance of the clad depends only material properties. However,
a complete set of design rules should also allow designers to use the compliant rules for very
thin clads.

To analyze these types of clad materials we propose to entirely neglect the strength of
the material. The effect of this approximation is to treat clad material as a compressible
inviscid fluid. The only material property required to define this constitutive model is the
actual material bulk modulus – available without long term testing.

This approximation has a significant consequence: the clad can only transmit pressure
loads. If the design requires the clad to carry shear stresses the analysis will predict infinite
deformation at that location. This is a positive feature of the proposed method as it actively
prevents a designer from relying on the strength of the clad. Figure 2.1 shows a design
example of the consequences of this approximation.
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While the compliant clad cannot transmit shear it can transmit pressure from the surface
of the clad to the surface of the base. Depending on the position of the clad (i.e. inside
or outside diameter of a vessel or pipe) this may either increase or decrease the effective
pressure on the base material, essentially accounting for the difference in pressure bearing
surface area caused by the clad thickness.

This compliant clad approximation can also be used as a bookkeeping method for tracking
the strain range in the clad material. The clad model should include the effects of thermal
expansion in the clad. The induced thermal strains and stresses are volumetric and so
the fluid/compliant clad can withstand and transmit them. Tracking these strains will be
important for clad creep-fatigue design, as described below. Defining the thermal strains in
the clad requires the clad coefficient of thermal expansion, available from short term testing.

Designers have several options for implementing the compliant clad/fluid approach in an
analysis:

1. Remove the clad entirely from the structural model and adjust the applied pressures
on the base to account for the differences in load resisting surface area. Manually track
the thermal strain in the clad. This approach is only suitable for hand calculations
and requires extensive bookkeeping to track thermal expansion.

2. Use a special finite element formulation to model the clad as an inviscid, compressible
fluid and the base as a standard solid.

3. Use a standard solid element method and model the clad as an elastic perfectly-plastic
material with a very small, near zero yield stress and the actual clad material elastic
and thermal properties.

All of these approaches are approximately equivalent. This report adopts the third ap-
proach in all the simulations presented here. Standard plasticity implementations cannot
accommodate a true zero yield stress so the designer must select some small, non-zero value.
Additional work may be required to set guidelines on selecting this fictitious yield stress.

As with the elastic clad approach the base material constitutive response in the analysis
will conform to the underlying design method: elastic, EPP, or inelastic.

No material is in actuality perfectly compliant. Therefore, this analysis method relies on
bounding the response of the actual material, rather than accurately representing its response
in service. Subsequent chapters evaluate this bounding analysis approach for various types of
clad/base systems. Overall, it produces conservative analysis results, particularly for strain
ranges used in computing creep-fatigue damage. Fundamentally, the more compliant the
clad material the more accurate the assumption of treating it as if it has zero strength.
However, underestimating the strength of the compliant clad material tends to overestimate
the strains in the clad material, which produces conservative analysis results for design
calculations. Similarly, actual clad materials will have some effect on the base material
even if the clad has very low strength. Therefore, the compliant analysis neglects some
interaction between the base and clad system. Again, the compliant approximation tends
to overestimate the design quantities of interest in the base material by entirely neglecting
any resistance to deformation provided by the clad. As such, the compliant analysis method
tends to produce conservative design predictions.
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2.1.3 Intermediate cases

The remaining types of clad/base systems are those that do not fall into either the elastic
or compliant categories. Examples of these types of systems might be a Class A material
cladded with a different Class A material. It would be difficult to develop a method of
analysis or design for these types of intermediate cases that does not require long term
material testing. Because the creep and plastic flow characteristics of the two materials will
be relatively similar there are no obvious approximate ways to analyze the clad material, like
for the elastic and compliant clads. As such, for these types of systems long term material
testing and properties will be required.

2.2 Conceptual design methods

The previous section describes methods of analysis that, for two particular types of cladded
systems, avoid requiring long term material properties and corresponding long term test
programs. The rest of this report justifies these analysis approaches through comparative
simulations. In addition to these analysis methods a complete design method would require
design checks to guard against the failure modes described above. Of course ideally these
design checks would also not require long term material properties or long term testing.
The following section describes potential approaches for elastic and compliant clad systems
relative to both the existing ASME design approaches and a new approach based on Sim-
plified Model Tests (SMT), described in more detail in other publications and DOE reports
[42, 54–56].

2.2.1 Primary load design and buckling

2.2.1.1 Elastic clads

In primary load and buckling design the elastic clad analysis approach assumes the clad re-
mains linear elastic and can fail only under short-term failure modes, namely time-independent
plastic instability and time-independent buckling. The material properties required to eval-
uate these design checks from the analysis results are short-term properties that can be
determined from standard tension tests, notably the material yield stress. The underly-
ing assumption here is that the clad material does not creep and therefore cannot undergo
creep-rupture.

One potential concern is stress redistribution over time from the base to the clad. If the
clad material truly does not creep, over time stress will redistribute from the base into the
clad. The analysis method will need to determine the amount of this stress redistribution.
This may be challenging for design by elastic analysis, which uses stress classification to
approximate the stationary stress state. The classical stress classification methods were not
developed to account for multimaterial components. The other two design methods — EPP
and inelastic analysis — have mechanisms for accounting for this stress redistribution. How-
ever, it is an open question if the bounding theories used in constructing the proposed EPP
method for primary load design, currently under discussion in the ASME Code Committees,
will adequately account for or bound the redistribution.
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Even assuming that the analysis method can account for the redistribution, analyzing
elastic clad systems will require a subtle change from the existing primary load and buck-
ling design checks. The designer will need to evaluate the clad for time-independent failure
modes using both the time-independent, initial stress distribution and the long-term redis-
tributed, stationary stress distribution. That is, the clad could undergo some nominally
time-independent failure mechanisms later in time as the stress state changes. Rules will
needed to guard against this potential failure mode.

2.2.1.2 Compliant clads

For primary load design for compliant clads the effect of the compliant analysis approach
is to neglect the clad when conducting the primary load analysis and design. As discussed
in the introduction, this approach is essentially what the existing HBB design rules require.
For the base material primary load design this approximation is always conservative – it
entirely neglects the strength of the clad. It is also conservative for buckling design provided
the clad remains fully bonded to the base material.

This leaves the question of how to address long term creep rupture in the clad itself.
The compliant analysis method will not produce a realistic or bounding stress distribution
in the clad material, as the clad deviatoric stress will be zero. Therefore, the only approach
is to not check for long-term creep rupture in the clad. This is reasonable provided the clad
does in fact creep much faster than the base. If the clad creep faster than the base it will
quickly redistribute whatever stress it develops due to pressure and thermal loads onto the
base material. Because it is then at a low stress level for most of the component life it should
not creep rupture. Fundamentally this approach is reasonable but further work is required
to determine its adequacy for designing high temperature components.

2.2.2 Creep-fatigue and ratcheting limits

2.2.2.1 Elastic clads

A priori elastic clad materials do not creep and therefore will not undergo creep-fatigue
failure. Any of the general analysis approaches will produce a reasonable design strain range
for an elastic clad. The design information required to evaluate the clad for fatigue damage
is a fatigue curve. These can be generated for clad material relatively rapidly with high
frequency strain controlled experiments at operating temperatures.

Similarly, ratcheting strain accumulation in the clad itself will not be a concern. The
elastic clad may significantly slow ratcheting in the base/clad system as the rigid elastic
clad will tend to restrain the amount of ratcheting deformation that can accumulate in
the creeping base material. Evaluating the base material for ratcheting is then basically a
problem of structural analysis, addressed in the previous section.

2.2.2.2 Compliant clads

Any of the existing creep-fatigue methods — HBB design by elastic analysis, HBB design by
inelastic analysis, the EPP Code Case, or the in-development SMT method — could be used
to analyze the base material for creep-fatigue damage. The compliant clad itself creeps and
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HBB-T EPP SMT
Advantages

• Incremental devel-
opment of existing
rules

• Incremental devel-
opment of existing
rules

• No creep rupture
tests

• Only uses strain
ranges

Disadvantages
• Requires fatigue

curves

• Requires short-
term rupture

• Requires creep-
fatigue tests

• Requires fatigue
curves

• Requires short-
term rupture

• Requires creep-
fatigue tests

• Requires creep-
fatigue-type
(SMT) tests

• Entirely new
method

Table 2.1: Advantages and disadvantages of various creep-fatigue design approaches for
compliant clads. The HBB-T column refers to the existing HBB Nonmandatory Appendix-
T rules for either design by elastic or design by inelastic analysis

could therefore fail due to creep-fatigue damage. Therefore, the final design approach will
require an explicit evaluation of creep-fatigue damage in the clad material, using the results
of the compliant analysis. Table 2.1 describes the advantages and disadvantages of the four
methods, focusing on long-term testing requirements. All of the methods require some form
of creep rupture and/or creep-fatigue testing The key point is that the duration of these
tests can be limited to a single design cycle period. None of the methods requires long term
rupture data extending to the full design life of the component. Overall, the SMT approach
may be the most advantageous for compliant clad systems as it only requires creep-fatigue-
type tests, not rupture data, and only strain ranges analysis results which, as the subsequent
chapters show, are conservatively bounded by the compliant analysis method.

Evaluating ratcheting strains in the base/clad system is again essentially a problem of
structural analysis, addressed above. The compliant clad assumption is likely conservative
for this design check as it neglects entirely the creep resistance of the compliant clad.

2.2.3 Clad failure modes

2.2.3.1 Interface failure

Interface failure is a concern for both elastic and compliant clads. Design by analysis of some
kind is a possibility in assessing the reliability of the interface. The analysis approaches
described here could give realistic estimates of the interface tractions that would lead to
potential delamination. However, evaluating the strength of the interface will be challenging
as it will depend on the details of the bonding method. The introduction surveyed a variety
of potential joining methods and noted the goal of this work is a design method that is
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independent to both the choice of the clad material and the method of bonding base and
clad. As such, it may be difficult to develop a design by analysis method for assessing the
reliability of the clad/base interface.

Acceptance testing could be an alternative approach. This would be a standard test or
series of tests on cladded specimens. The objective would be to design some test protocol
for accelerated loading conditions, compared to operating conditions, so that if the bound
between the base and clad materials remained intact throughout the accelerated loading it
would be reliable under the lower, service loading conditions for the full component design
life. The idea of this testing would be to assess only the bonding method — failure in the
bulk of the base or clad material would be covered by the design methods described above.
Developing such a test protocol will require a research and testing program in its own right,
separate from work on design methods.

2.2.3.2 Brittle failure modes

Brittle failure is only a concern for elastic clad materials, in particular pure refractory metals.
Alloys of tungsten, notably W-Re [36], and alloys of molybdenum, notably TZM [12, 44],
have relatively low ductile-to-brittle transition temperatures, well below expected reactor
operating conditions. Pure W [36] and Mo [27, 50] have relatively high transitions temper-
atures, and so brittle failure under design conditions could be a concern for these materials.
The final design procedure should either ensure that the clad material selection excludes
materials with high transition temperature or provide rules for evaluating brittle failure.
Section III, Division 5, HBB-3241 already requires a fracture analysis for certain Class A
materials. That section references Section III Nonmandatory Appendix G for guidance on
how to carry out the fracture analysis. It may be sufficient to apply these design provisions
to elastic clads. However, more research is required to make this determination or to provide
new design guidance specific to elastic cladding.
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3 Simplified modeling methods

Developing design methods for cladded systems requires running a large number of numerical
simulations to evaluate the response of different clad/base material combinations, structural
components, and load histories. Full 3D or axisymmetric finite element simulations are
too slow to evaluate hundreds or thousands of different combinations of clad/base material
properties. This chapter develops a simplified, 1D analysis method for a representative
cladded component that can be used to rapidly evaluate different clad/base systems.

3.1 Developing the simplified model

Figure 3.1 shows the representative cladded component: a cylindrical pressure vessel un-
der internal pressure and some through-wall thermal gradient. Both the pressure and the
temperature history may be time dependent and cyclic. This full problem is axisymmetric.
However, away from the geometric discontinuity of the connection between the cylindrical
vessel and the head the problem can be simplified to 1D.

3.1.1 Simplified kinematics

Figure 3.1 also shows the kinematic simplifications made to simplify the problem to a 1D
model. The essential simplification is the assumption that all the gradients with respect to
z become zero away from discontinuities.

The mathematical 1D domain is the region r ∈ [ri, ro]. We can divide this domain
into any number of subregions, each representing a different material. We will use the
notation [ri, r1, r2, . . . , rn−1, rn, ro] to define these subregions with subregion 1 defined by
[ri, r1], subregion 2 by [r1, r2], etc.

To form the simplified model start with the axisymmetric strain-compatibility equations

εrr =
∂ur
∂r

(3.1)

εθθ =
ur
r

εzz =
∂uz
∂z

εrz =
1

2

(
∂ur
∂z

+
∂uz
∂r

)
and equilibrium conditions

1

r

∂

∂r
(rσrr) +

∂

∂z
σrz −

σθθ
r

= 0 (3.2)

1

r

∂

∂r
(rσzr) +

∂

∂z
σzz =0.

The boundary conditions are the applied pressure p on the inside surface

σrr|r=ri = −p, (3.3)
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3D Axisymmetric 1D

Figure 3.1: Schematic drawing showing the model simplifications from a closed cylindrical
vessel, to an axisymmetric representation, to the 1D simplified model developed here.

zero shear on the inside surface, and zero tractions on the outside surface. Additionally,
the 1D axisymmetric section of the vessel must be in equilibrium with the end-cap reaction
caused by the internal pressure. We will not specify axial stress distribution, but instead
simply require equilibrium of net forces

1

t

∫ ro

ri

σzzdr =
pri
2t

(3.4)

with t = ro− ri. This integral condition allows a non-uniform axial stress distribution in the
1D section provided that the reaction force equilibrates the end-cap reaction.

Additionally, at each interface between subregions there are strain compatibility

εθθ|+ =εθθ|− (3.5)

εzz|+ =εzz|−

and jump-equilibrium conditions

σrz|+ = σrz|− (3.6)

σrr|+ =σrr|− .

The problem, as defined by these continuum equations, is a mixed integral-differential
equation for the unknown displacement field u =

[
ur uz

]
.

To simplify the axisymmetric equations, note that away from the structural discontinuity
of the vessel end caps derivatives of the fields with respect to z become zero

∂σrr
∂z

=
∂σθθ
∂z

=
∂σzz
∂z

=
∂σrz
∂z

= 0 (3.7)
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∂εrr
∂z

=
∂εθθ
∂z

=
∂εzz
∂z

=
∂εrz
∂z

= 0.. (3.8)

Combining equations 3.8 and 3.1

∂εθθ
∂z

=
∂

∂z

(ur
r

)
= 0 =⇒ ∂ur

∂z
= 0.. (3.9)

A similar simplification reduces the equilibrium equations (Eq. 3.2)

∂σrr
∂r

+
1

r
(σrr − σθθ) = 0 (3.10)

∂σzr
∂r

+
1

r
σzr =0.

The second equilibrium equation can be solved for the shear stress distribution

σzr =
c

r
(3.11)

for some constant c. Because the boundary conditions are zero shear tractions on both the
inner and outer vessel walls the only solution to this boundary value problem is

σzr = 0. (3.12)

Therefore, the shear stresses will be zero in the simplified model. The field equations them-
selves do not force the shear strain to zero. However, for an isotropic material if the shear
stress is zero so is the shear strain. So in the simplified model

εzr = 0 (3.13)

Combining equations 3.1, 3.13, and 3.9 shows that the derivative of the axial displacement
in the radial direction is zero

∂uz
∂r

= 0. (3.14)

Similarly for the gradient of the axial strain

∂εzz
∂r

=
∂2uz
∂z∂r

=
∂

∂z

(
∂uz
∂r

)
= 0 (3.15)

Therefore, the axial strain is constant over the 1D section

εzz (r) = ε̄zz. (3.16)

In Fig. 3.1 this is shown as a rigid block connecting the z-displacements through the 1D
section.

These simplifications produce the integral-differential boundary value problem

∂σrr
∂r

+
1

r
(σrr − σθθ) = 0 (3.17)

σrr|ri =−p∫ ro

ri

σzzdr =
pri
2
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with

σ =
[
σrr σθθ σzz

]
(3.18)

ε =
[

∂ur
∂r

ur
r

ε̄zz
]
.

The stress is a function of the strain, as determined by some general material constitutive
model. Any material model can be used. Subsequent examples use elastic, elastic-plastic,
and elastic-plastic-creep material models. The unknowns to solve for are the generalized
displacements

u =
[
ur ε̄zz

]
(3.19)

describing the radial displacement as a function of r and the constant axial strain. These
equations, supplemented with the jump conditions in Eqs. 3.5 and 3.6, represent a 1D
simplification of the axisymmetric cladded cylinder boundary value problem.

3.1.2 Discretizing the problem

To solve this problem numerically represent the continuous radial displacement field ur (r)
with a nodal interpolation:

ur = N (r) ·Ur (3.20)

Select interpolation functions N with compact support so that we can implement this in-
terpolation as a 1D finite element method. The mesh is a division of the domain r into a
collection of regions. There is no restriction on how to divide the problem into a mesh except
that material subregion boundaries (e.g. a base/clad interface) should fall at node points,
not inside an element. The constant value of the axial strain, ε̄zz, supplements these nodal
degrees of freedom in the discretized vector of generalized displacements U =

[
Ur ε̄zz

]
.

The discrete strain-displacement relation is

ε = B ·Ur +

 0
0
ε̄zz

 =

 N ′

N/r
0

 ·Ur +

 0
0
ε̄zz

 · (3.21)

Standard 1D finite element shape functions are often defined over over a reference domain
ξ = [−1, 1]. The element strain-displacement relation is then

ε =

 2N ′/le
N/r
0

 ·Ur +

 0
0
ε̄zz

 (3.22)

with le the length of element e.
Use the Galerkin method to solve the differential part of the integral-differential bound-

ary value problem. Applying integration by parts to the weak form of the 1D equilibrium
equation produces∫

r

[
∂σrr
∂r

+
1

r
(σrr − σθθ)

]
ūdr = 0 (3.23)∫

r

[
σrr

∂ū

∂r
+

1

r
(σθθ − σrr) ū

]
dr = σrrū|rori . (3.24)
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For a Galerkin method

ūr = N (r) · Ūr. (3.25)

Substitute these test functions into the equilibrium equation:∫
r

[
σrrN

′ +
1

r
(σθθ − σrr)N

]
· Ūrdr = σrrN · Ūr

∣∣ro
ri
. (3.26)

Applying the fundamental theorem of the calculus of variations and combining the resulting
integral equation with the integral equation for the axial strains gives the discrete variational
equations to solve∫

r

[
σrrN

′ +
1

r
(σθθ − σrr)N

]
dr = σrrN |rori (3.27)∫ ro

ri

σzzdr =
pri
2
.

Because we chose interpolation functions with compact support we can write these equa-
tions as element-by-element assemblies, now using numerical quadrature to replace the con-
tinuum integrals

nelem∑
e=1

nintegration∑
i=1

wi

[
σrr (εi)N

′ (ξi)
2

le
+

1

ri
(σθθ (εi)− σrr (εi))N (ξi)

]
=
[
−p 0 · · · 0

]
(3.28)

nelem∑
e=1

nweight∑
i=1

wiσzz (εi) =
pri
2
. (3.29)

Here nelem is the number of elements in the mesh, nintegration is the number of Gauss points
per finite element, wi are the quadrature weights, ξi are the quadrature points, and ri is the
corresponding point in global coordinates. The strains in this expression are the mechanical
strains, which can be computed from the total strains using the known temperature history
Ti, reference temperature T0, and element coefficient of thermal expansion αi

εi =

 2N ′ (ξi) /le
N (ξi) /r

0

 ·Ur +

 0
0
ε̄zz

− αi (T − T0)

 1
1
1

 . (3.30)

In general, the constitutive model σ (ε) will be nonlinear. The discrete equations will
then likewise be nonlinear and must be solved incrementally. From a known pressure history
p(t) and temperature history T (r, t) divide the simulation time t into discrete time steps
tn. Define the pressure and temperature profile at each time step as pn+1 = p (tn+1) and
Tn+1 (r) = T (r, tn+1). These time-discrete pressures and temperatures replace p and Ti in
the previous equations.
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The goal of the time integration scheme is to advance the simulation from time step tn
to time step tn+1. We do this with a backward Euler integration scheme by solving the
nonlinear residual equation

R1 =

nelem∑
e=1

nweight∑
i=1

wi
le
2

[
σrr (εi)N

′ (ξi)
2

le
+

1

ri
(σθθ (εi)

−σrr (εi))N (ξi)]−
[
−pn+1 0 · · · 0

]
= 0 (3.31)

R2 =
1

t

nelem∑
e=1

nweight∑
i=1

le
2
wiσzz (εi)−

pn+1r

2t
= 0. (3.32)

using Newton’s method. Define the residual vector as

R =
[
R1 R2

]
(3.33)

where the vector equation R (U) = 0 describes the nonlinear equations to solve. Using
Newton’s method requires the Jacobian of this nonlinear vector equations, the derivative
of the residual with respect to the generalized displacement vector. This Jacobian can be
defined as the block matrix

J =
∂R

∂x
=

[
J11 J12

J21 J22

]
. (3.34)

Each block is

J11 =

nelem∑
e=1

nweight∑
i=1

wi
le
2

[
2

le

(
N ′i ⊗

[
Arr Arθ

])
+

1

ri

(
Ni ⊗

[
Aθr − Arr Aθθ − Arθ

])]
·B (3.35)

J12 =

nelem∑
e=1

nweight∑
i=1

wi
le
2

[
ArzN

′
i

2

le
+
Aθz − Arz

ri
Ni

]
(3.36)

J21 =

nelem∑
e=1

nweight∑
i=1

wile
2t

([
Azr Azθ

]
·B
)

(3.37)

J22 =

nelem∑
e=1

nweight∑
i=1

wile
2t

[Azz] . (3.38)

The matrix A is the material model algorithmic tangent, i.e. the derivative A = ∂σ
∂ε

. The
subscript notation then represents components of that derivative, i.e. Azz is the derivative
of the axial stress with respect to the axial strain.
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3.1.3 Efficient solution methods

Applying Newton’s method requires solving a series of linear equations of the form

−R = J ·U. (3.39)

The form of the Jacobian matrix admits a special solution algorithm that is much faster
than standard techniques like LU decomposition. The key observation is that block J11 of
the Jacobian is tridiagonal. Existing algorithms for solving tridiagonal equations can take
advantage of the structure of the matrix to vastly reduce the amount of time required to
solve the system. The Jacobian overall, including the 12, 21, and 22 blocks, has a tridiagonal
arrowhead structure:

a1 u2 d1n

l2 a2 u3 d2n

l3
. . . . . .

...
. . . an−1 un dn−2n

ln an dn−1n

dn1 dn2 · · · dnn−2 dnn−1 dnn





x1

x2
...

xn−2

xn−1

xn


=



y1

y2
...

yn−2

yn−1

yn


. (3.40)

Write the equations in block form as[
J11 J12

J21 J22

]
·
[
x1

x2

]
=

[
y1

y2

]
(3.41)

Rearranging produces

x2 =
y2 − J21 · x1

J22

(3.42)

and

y1 = J11 · x1 + J12
y2 − J21 · x1

J22

(3.43)

or

y1 − J12y2 =

[
J11 −

1

J22

(J12 ⊗ J21)

]
· x1. (3.44)

The Sherman-Morrison formula for a rank 1 update of a matrix B will be useful for
solving this system:

(B + u⊗ v)−1 = B−1c− B
−1 · (u⊗ v) ·B−1

1 + v ·B−1 · u (3.45)

Let

B · x′ = c (3.46)

B · y′ = u (3.47)

then
(B + u⊗ v)x = c (3.48)
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with

x = B−1c− B
−1 · (u⊗ v) ·B−1c

1 + v ·B−1 · u (3.49)

x = x′ − v · x′
1 + v · y′y

′. (3.50)

For our system of equations B = J11, u = − 1
J22
J12, v = J21, and c = y1 − J12

y2
J22

. Then

J11 · z1 = y1 − J12
y2

J22

(3.51)

J11 · z2 = − 1

J22

J12 (3.52)[
J11 −

1

J22

(J12 ⊗ J21)

]
· x1 = y1 − J12

y2

J22

(3.53)

which implies

x1 = z1 −
J21 · x′

1 + J21 · y′
y′ (3.54)

x2 =
y2 − J21 · x1

J22

(3.55)

Using this method reduces solving each linear system to solving two triagonal systems
of equations. The tridiagonal factorization can be reused for the two solves, which makes
solving the system of equations very numerically efficient. The next section demonstrates
the advantages of this approach.

3.2 Verification

Figure 3.2 shows a sample problem used to compare a full axisymmetric simulation of the
reference problem to the simplified model. There are two comparisons of interest: verifying
that the simplified model reproduces the results of the full model away from structural
discontinuities and evaluating the merits of using the simplified approach by comparing the
numerical cost of solving a full simulation by each of the two methods.

The figure defines a pressure and temperature load cycle with a period of 10,002 hours.
The outer wall temperature, To, remains fixed. The inner wall temperature cycles as shown in
the figure. In between these two points both models apply a linear, through-wall temperature
gradient. In addition, the vessel is under a constant pressure ramped over an initial time of
1 hour.

The vessel has a wall thickness of 50 mm and a clad on the inside and outside diameters
of 5 mm. The vessel base material is 316H stainless steel and the clad is pure nickel, both
represented by inelastic material models.

Figure 3.3 compares the stress and mechanical strain profiles for two methods of analysis:
the full axisymmetric simulation described in Figure 3.2 and the simplified 1D model derived
in this chapter. The discretizations for the two methods are similar: both have the same
number of finite elements through the thickness of the vessel. This plot shows the quantities
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Figure 3.2: Example problem used to compare full axisymmetric analysis to the simplified
analysis method

Method Time
Axisymmetric 17360 s
Simplified, with full LU 123 s
Simplified, with arrowhead 115 s

Table 3.1: Table comparing the computational cost of the reference model using full axisym-
metric analysis, the simplified 1D analysis with a full LU decomposition linear solver, and
the simplified method with the specialized arrowhead solve.

through the thickness of the vessel for a point, in the axisymmetric simulation, though the
center of the vessel in between the end caps and at the time indicated in Figure 3.2 during
the 20th loading cycle. The figure shows that the two solutions are essentially identical,
verifying the simplified analysis method.

Table 3.1 compares the cost of solving 20 cycles of the load history using the full ax-
isymmetric model, the simplified model using an LU decomposition algorithm to solve the
Newton iteration linear equations, and the simple model using the specialized arrowhead so-
lution scheme described above. The finite element method used in the axisymmetric model
uses Newton’s method and an LU decomposition scheme to solve the axisymmetric finite
element so the comparison between the first two solution methods essentially probes only
the kinematic simplifications. The comparison between the second and third methods probes
the effectiveness of the specialized linear solution method.

The results show that the kinematic simplifications greatly reduce the computational
effort required to solve the problem. The simplified model runs 150 times faster than the
full axisymmetric simulation. The gain from employing the specialized arrowhead solution
produce is much less. However, the advantage of the specialized linear solution method
increases as the size of the problem increases.

Overall this simplified method of analyzing cladded vessels vastly reduces the compu-
tational expense of simulating a particular combination of structural dimensions, clad/base
material properties, and loading conditions. This simulation method will be used in the sub-
sequent chapters to probe the effectiveness of the approximate analysis methods described in
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Figure 3.3: Comparison between the simplified model (solid lines) and the full axisym-
metric analysis (dashed lines) for the problem described by Fig. 3.2. The corresponding
dashed/solid lines are essentially identical, meaning the two modeling methods are produc-
ing nearly identical results. These results are plotted at the end of the hold during the final
load cycle.

Chapter 2 using high throughput simulation of many different clad/base material systems.
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4 Simple representative models

This chapter describes results of simulations using the simplified model as introduced in
Chapter 3. The simplified model reduces very significantly the simulation time and enable
high-throughput calculations to examine the effect of different clad/base material combi-
nations vessel sections away from structural discontinuities. This chapter considers four
combinations of structural geometry and load. The two prototypical vessel sections repre-
sent a cladded vessel, where the clad material is applied only on the inside diameter of the
cylinder, and a tube cladded on both the inside and outside diameters, representative, for
example, of a intermediate heat exchanger (IHX) tube in a MSR. The two load cases both
subject the vessel to a constant pressure and a cyclic thermal load. For the gradient load
case the vessel wall cycles between an isothermal cold temperature and a linear through-wall
thermal gradient with a hot inner wall and a cold outer wall. The load cycle holds the
vessel in the thermal gradient conditions for an extended period of time before returning to
isothermal conditions and repeating. The second load case has an isothermal hold. Here
the vessel cycles between a linear, through-wall thermal gradient and an isothermal hot
condition. There is an extended hold in the hot condition before the load cycle repeats.

In addition, the simplified method is then used to examine two types of clad/base sys-
tems - compliant clads, where the clad material creeps much faster and sheds load onto the
base material, and elastic clads, where the cladding material is essentially linear elastic. As
described above, the purpose of the simulations described in this chapter is to assess the
reliability of approximate analysis methods. For the compliant systems the design analysis
assumes the clad has zero strength. For the elastic systems the design analysis assumes
the clad is linear elastic. The comparisons here then are between two simulations at the
same loading conditions and structural geometries: one where the base and clad materials
are modeled with an elastic perfectly-plastic power law creep inelastic model and one where
the base material uses the same inelastic model but the clad constitutive response is ap-
proximated either as perfectly compliant or perfectly elastic. Each analysis compares two
simulation results:

1. The difference in the average creep damage over the last cycle, computed using the
ASME Section III, Division 5 procedure

2. The minimum difference over the vessel wall thickness between the stable ASME Sec-
tion III, Division 5 stable strain range over the last load cycle

The first metric assess the impact of the approximate design analysis on stress relaxation in
the base material. The second metric assess the conservatism of bounding the strain range
in the structure with the design analysis method. Both comparison metrics are scalars and
so they can be plotted as a function of the material property mismatch to determine the
limits, in terms of relative property mismatches, of the proposed design analysis methods.
Note that as constructed for both comparison metrics positive numbers represent positive
results — the approximate analysis conservatively bounds the full inelastic calculations —
and negative numbers represent negative, nonconservative results.

This chapter presents results using design charts. These charts vary a particular property
mismatch on the x- and y-axes. The contour colors show the results of the comparison metrics
described in the previous paragraph. By looking at a design chart, or rather a collection of
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design charts, we can determine approximate ranges of validity for the two design methods
for various structural configurations, loading conditions, and property mismatch ratios.

To save space the chapter only shows design charts for the thermal gradient load case.
However, the conclusions developed in this Chapter apply to both the thermal gradient and
isothermal temperature histories.

4.1 Clad on inner diameter only

For the analyses described in this section the vessel base material is Alloy 800H with a total
wall thickness of 60 mm and an inner radius of 1690 mm cladded by a 10% vessel-thickness
layer of different clad materials (6 mm). Figure 4.1a–b shows the two load cases described
at the start of the section. Both load cases apply a constant pressure of 0.2 MPa on the
interior of the vessel and cycle the temperature. The hold in the hot condition is 10,000 hours
The material properties of the 800H base determined at 700◦C are listed in Table 4.1. This
analysis varies the clad Young’s modulus, yield, thermal coefficient and creep rate relative
to the base material to determine the effectiveness of the two design analysis methods for
various material property ratios. Table 4.2 lists the discrete material properties considered
in this study. The Poisson ratio ν and the creep rate exponent n of clad are assumed to
match the 800H base.

1

∆

SCHEMATIC DIAGRAM – ISOTHERMAL
Operational temperature T0 ~ 7000C

5 hr 10,000 hr5 hr 5 hr 5 hr

(a)

1

∆

5 hr

SCHEMATIC DIAGRAM – ISOTHERMAL
Operational temperature T0 ~ 7000C

5 hr 5 hr10,000 hr (b)

Figure 4.1: The times for the isothermal case are similar except the load is applied simultaneously
with the initial temperature ramp. For both cases T0 = 7000C and ∆T = 700C

Property Symbols 800H Units

Young’s modulus E800H 156000 MPa

Poisson ratio ν800H 0.31 -

Yield stress σ800H 102 MPa

Thermal coefficient α800H 19.9× 10−06 mm/(mm×0C)−1

Creep prefactor A800H 6.94× 10−22 (MPa−n/h)

Creep rate exponent n800H 6 -

Creep rate ε̇800H 7.816× 10−10 h−1

Table 4.1: Materials properties of base at 700◦C
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Property Symbols Units Varied values

Young’s modulus Eclad MPa [0.8, 1.0, 1.2, 1.41, 1.6, 2.0]*E1

Yield stress σclad MPa [0.2, 0.42, 0.8, 1.0, 3.0, 6.15]*σ1

Thermal coefficient αclad mm/(mm×0C)−1 [0.2, 0.3, 0.55, 0.79, 0.85, 1.0]*α1

Creep rate ε̇clad h−1 [0.0002, 0.0015, 0.02, 0.11, 1.0, 100.0]*ε̇1

Table 4.2: Materials properties of clad and their variation in reactor vessel simulations.

4.1.1 Comparison to compliant clad analysis

Figures 4.2 to 4.7 show design charts where the reference clad material as the same material
properties as the base. That is, except for the two material properties varied in the diagram,
the remaining clad material properties are the same as the base material. Figures 4.8 to
4.13 then show charts where the reference clad material properties are those of pure nickel,
as described in Table 4.3. These figures mark the location of the pure nickel clad on each
design chart.

Summarizing the results of these design charts, the following set of criteria describe the
situations where the compliant analysis adequate represents the full inelastic results:

Young’s modulus : Eclad < E800H

Yield stress : σclad < 0.6σ800H (4.1)

Thermal coefficient : αclad > 0.4α800H

Creep rate : No constraint

Note that a compliant clad – a clad that can be analyzed with the compliant concept –
does not need to meet all criteria simultaneously. Instead these guidelines provide “rules of
thumb” for clad materials that tend to meet the compliant criteria. Furthermore, we expect
there to be a corresponding upper bound on the mismatch in the clad/base coefficient of
thermal expansion, complementing the lower bound found here. This work focuses on clad
materials with lower thermal expansion coefficients than the base materials because most
likely clad materials do in fact have a lower coefficient of thermal expansion than the Class
A metallic materials.

Property Symbols Nickel Units

Young’s modulus E 174000 MPa

Yield stress σ 43.0 MPa

Thermal coefficient α 15.8× 10−06 mm/(mm×◦C)−1

Creep prefactor A 4.66× 10−19 (MPa−n/h)

Creep rate exponent n 6.0 -

Creep rate ε̇ 2.95× 10−09 h−1

Table 4.3: Material properties of Nickel at 700◦C

Figure 4.14 plots the ASME equivalent strain ranges in corresponding full and compliant
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Figure 4.2: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle (b) as a function of E and σ in the clad/800H base system for
the gradient load case.
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Figure 4.3: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle (b) as a function of E and α in the clad/800H base system for
the gradient load case.
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Figure 4.4: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle (b) as a function of E and ε̇ in the clad/800H base system for
the gradient load case.
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Figure 4.5: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle (b) as a function of σ and α in the clad/800H base system for
the gradient load case.
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Figure 4.6: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle (b) as a function of σ and ε̇ in the clad/800H base system for
the gradient load case.
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Figure 4.7: Design chart illustration the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle (b) as a function of α and ε̇ in the clad/800H base system for
the gradient load case.
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simulations. The plot shows that the compliant analysis bounds, pointwise, the equivalent
strain range in the full inelastic analysis.

Figures 4.15 and 4.16 show the von Mises equivalent stress in the vessel as a function
of time during the hold of the 5th load cycle for the gradient and isothermal load cases,
respectively. The figures show the stress relaxation profile at three locations in the base
material, as indicated by the diagram. In the half of base material near the clad material, the
stress relaxation profiles for the full inelastic is bounded completely by the infinite compliance
analysis at the points C and D. However, the stress relaxation profile is not bounded at the
outer surface. The profiles are very different in the clad material — by definition the clad
material does not undergo stress relaxation because it has zero strength. In practice, the
clad stress relaxation profile could be bounded by considering the stress relaxation profile in
the extreme fiber of the base material.
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Figure 4.8: Design chart plotting the difference in the average creep damage, {D̄c}infinite compliance−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}infinite compliance−{∆ε}full inelastic, in the clad region over the
last cycle as a function of E and σ in the Nickel clad/800H base system for the gradient load case.

4.1.2 Elastic cladding

This subsection now applies the elastic analysis concept to the inner-diameter-clad vessel.
Again, there are two analysis cases. In the first the reference clad material properties match
the base material. Each property is varied to make design charts using the scheme summa-
rized in Table 4.2. Figures 4.17–4.22 are the corresponding design charts for the thermal
gradient load.

The second set of calculations uses TZM molybdenum alloy as the reference clad. Table
4.4 summarizes the material properties used for TZM. Figures 4.23 to 4.28 show the diagrams
for this case.
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Figure 4.9: Design chart plotting the difference in the average creep damage, {D̄c}infinite compliance−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}infinite compliance−{∆ε}full inelastic, in the clad region over the
last cycle as a function of E and α in the Nickel clad/800H base system for the gradient load case.
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Figure 4.10: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
minimum difference of ASME equivalent strain range, {∆ε}infinite compliance−{∆ε}full inelastic, in the
clad region over the last cycle as a function of E and ε̇ in the Nickel clad/800H base system for the
gradient load case.
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Figure 4.11: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle as a function of σ and α in the Nickel clad/800H base system
for the gradient load case.
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Figure 4.12: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle as a function of σ and ε̇ in the Nickel clad/800H base system
for the gradient load case.
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Figure 4.13: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the clad region over the last cycle as a function of α and ε̇ in the Nickel clad/800H base system
for the gradient load case.
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Figure 4.14: ASME equivalent strain range, plotted over the vessel thickness, over the last cycle for
the gradient load case (a) and the isothermal load case (b). The figure compares the full inelastic
analysis with the bounding, infinite compliance analysis in the Nickel clad/800H base system.
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Figure 4.15: (a) Sketch showing the physical location of the stress relaxation profiles and (b) the
figure compares the stress relaxation profiles between the full inelastic (dashed lines) and infinite
compliance analysis (solid lines) for the thermal gradient load in the Nickel clad/800H base system.770oC
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Figure 4.16: (a) Sketch showing the physical location of the stress relaxation profiles and (b) the
figure compares the stress relaxation profiles between the full inelastic (dashed lines) and infinite
compliance analysis (solid lines) for the isothermal load in the Nickel clad/800H base system.
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The elastic cladding analysis bounds conservatively the creep damage in the full inelastic
analysis in the base region if a relative ratio of thermal coefficient αclad/α800H > 0.5 is used.
As described above, there is likely also an upper bound on the thermal expansion mismatch
ratio. In the clad material, the strain ranges from the elastic cladding are quite similar to
the strain range in the full inelastic analysis if the clad yield is higher and the clad creep
rate is smaller than the ones of base. Rules of thumb summarizing the results are:

Young’s modulus : Eclad < 1.25E800H

Yield stress : σ800H < σclad < 2.5σ800H (4.2)

Thermal coefficient : αclad > 0.5α800H

Creep rate : ε̇clad < ε̇800H .

Again, a material does not need to meet all of these criteria simultaneously. There is also
likely an upper bound on the mismatch of thermal expansion coefficients, as described above.
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Figure 4.17: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the clad region over the last cycle (b) as a function of E and σ in the clad/800H base system for
the gradient load case.

Figures 4.29–4.31 show a good match between the full inelastic and elastic cladding
analysis for both the ASME strain range and the stress relaxation profiles with two different
types of thermal loading for a particular material property mismatch in the conservative
region.
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Figure 4.18: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the clad region over the last cycle (b) as a function of E and α in the clad/800H base system for
the gradient load case.
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Figure 4.19: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the clad region over the last cycle (b) as a function of E and ε̇ in the clad/800H base system for
the gradient load case.
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Figure 4.20: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the clad region over the last cycle (b) as a function of σ and α in the clad/800H base system for
the gradient load case.
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Figure 4.21: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the clad region over the last cycle (b) as a function of σ and ε̇ in the clad/800H base system for
the gradient load case.
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Figure 4.22: Design chart illustration the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the clad region over the last cycle (b) as a function of α and ε̇ in the clad/800H base system for
the gradient load case.

Property Symbols TZM Molybdenum Units

Young’s modulus E 220000 MPa

Yield stress σ 627.0 MPa

Thermal coefficient α 5.5× 10−06 mm/(mm×◦C)−1

Creep prefactor A 5.33× 10−27 (MPa−n/h)

Creep rate exponent n 4.85 -

Creep rate ε̇ 1.97× 10−13 h−1

Table 4.4: Material properties of TZM Molybdenum at 700◦C
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Figure 4.23: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in the clad region over the
last cycle as a function of E and σ in the TZM Molybdenum clad/800H base system for the gradient
load case.
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Figure 4.24: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in the clad region over the
last cycle as a function of E and α in the TZM Molybdenum clad/800H base system for the gradient
load case.
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Figure 4.25: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in the clad region over the
last cycle as a function of E and ε̇ in the TZM Molybdenum clad/800H base system for the gradient
load case.
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Figure 4.26: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and difference of ASME
equivalent strain range, {∆ε}elastic cladding−{∆ε}full inelastic, in the clad region over the last cycle as
a function of σ and α in the TZM Molybdenum clad/800H base system for the gradient load case.

ANL-ART-134 39



Finite element analysis of compliant cladding and base metal systems
July 2018

−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
log(σclad/σ800H)

−3

−2

−1

0

1

2

lo
g(
ε̇ c
la
d
/ε̇

80
0H

)

−0.0125

−0.0100

−0.0075

−0.0050

−0.0025

0.0000

0.0025

0.0050

0.0075

−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
log(σclad/σ800H)

−3

−2

−1

0

1

2

lo
g(
ε̇ c
la
d
/ε̇

80
0H

)

−0.00012

−0.00010

−0.00008

−0.00006

−0.00004

−0.00002

0.00000

0.00002

Clad/Base: Eclad/E800H = 1.41, αclad/α800H = 0.3

(a)

TZM Molybdenum TZM Molybdenum

(b)

Figure 4.27: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in the clad region over the
last cycle as a function of σ and ε̇ in the TZM Molybdenum clad/800H base system for the gradient
load case.
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Figure 4.28: Design chart plotting the difference in the average reep damage, {D̄c}elastic cladding −
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in the clad region over the
last cycle as a function of α and ε̇ in the TZM Molybdenum clad/800H base system for the gradient
load case.
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Figure 4.29: ASME equivalent strain range, plotted over the vessel thickness, over the last cycle
in the TZM Molybdenum clad/800H base system for the gradient load case (a) and the isothermal
load case (b). The figure compares the full inelastic analysis with the bounding, elastic cladding
analysis.
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Figure 4.30: a) Sketch showing the physical location of the stress relaxation profiles and b) the
figure compares the stress relaxation profiles between the full inelastic (dashed lines) and infinite
compliance analysis (solid lines) in the TZM Molybdenum clad/800H base system for the thermal
gradient load.
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Figure 4.31: a) Sketch showing the physical location of the stress relaxation profiles and b) the
figure compares the stress relaxation profiles between the full inelastic (dashed lines) and infinite
compliance analysis (solid lines) in the TZM Molybdenum clad/800 base system for the isothermal
load.

4.2 Cladded IHX tube

This section repeats similar analyses to those described above but now for a configuration
representative an IHX tube cladded on both the inner and outer diameters. The base material
is stainless steel 316H with total wall thickness of 0.2 mm with an inner of radius of 2 mm,
cladded by a 10% thickness layer (0.02 mm) for both inner (ID clad) and outer (OD clad)
surfaces. Again, the tube is under a constant pressure and two different thermal cycles,
described in Fig. 4.1a–b with ∆T = 60◦C. The tube is held for 100 hours at the peak
thermal load. Material properties of the 316H base at 700◦C are summarized in Table
4.5 and the ranges of material properties of the clad components are given in Table 4.6.
For simplicity the Poisson ratio ν and the creep rate exponent n of inner and outer clad
components are assumed to match the 316H base material.

Property Symbols 316H Units

Young’s modulus E316H 140000 MPa

Poisson ratio ν316H 0.27 -

Yield stress σ316H 103.0 MPa

Thermal coefficient α316H 18.6× 10−06 mm/(mm×0C)−1

Creep prefactor A316H 1.72× 10−26 (MPa−n/h)

Creep rate exponent n316H 7.9 -

Creep rate ε̇316H 1.37× 10−10 h−1

Table 4.5: Materials properties of 316H base at 700◦C
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Property Symbols Units Varied values

Young’s modulus Eclad MPa [0.8, 1.0, 1.2, 1.6, 2.0]*E3

Yield stress σclad MPa [0.2, 0.42, 1.0, 3.0, 6.15]*σ3

Thermal coefficient αclad mm/(mm×0C)−1 [0.1, 0.3, 0.85, 1.0, 2.0]*α3

Creep rate ε̇clad h−1 [0.0002, 0.02, 1.0, 10.0, 100.0]*ε̇3

Table 4.6: Materials properties of clad and their variation in IHX tube simulations

4.2.1 Creep compliant cladding

Figures 4.32–4.37 plot design charts for the thermal gradient load case with the clad reference
material matching the base material properties. Figures 4.38–4.43 are corresponding plots
where the reference clad is nickel. Suggested limits on the clad properties (E4, σclad, αclad, ε̇clad)
relative to the 316H base properties (E316H , σ316H , α316H , ε̇316H) are

Young’s modulus : No constraint

Yield stress : 0.6σ316H < σclad < 2.0σ316H (4.3)

Thermal coefficient : αclad > 0.3α316H

Creep rate : ε̇clad > 0.1ε̇316H (4.4)

with the same caveats described above.
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Figure 4.32: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle (b) as a function of E and σ in the clad/316H
base system for the gradient load case.
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Figure 4.33: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle (b) as a function of E and α in the clad/316H
base system for the gradient load case.
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Figure 4.34: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle (b) as a function of E and ε̇ in the clad/316H
base system for the gradient load case.
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Figure 4.35: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle (b) as a function of σ and α in the clad/316H
base system for the gradient load case.

−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
log(σclad/σ316H)

−3

−2

−1

0

1

2

lo
g(
ε̇ c
la
d
/ε̇

31
6H

)

−0.00045

−0.00030

−0.00015

0.00000

0.00015

0.00030

0.00045

0.00060

−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
log(σclad/σ316H)

−3

−2

−1

0

1

2

lo
g(
ε̇ c
la
d
/ε̇

31
6H

)

0.000104

0.000112

0.000120

0.000128

0.000136

0.000144

0.000152

0.000160

Clad/Base: Eclad/E316H = 1.0, αclad/α316H = 1.0

CONSERVATIVE

UNCONSERVATIVE

(a) (b)

Figure 4.36: Design chart illustrating the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle (b) as a function of σ and ε̇ in the clad/316H
base system for the gradient load case.
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Figure 4.37: Design chart illustration the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
minimum difference of ASME equivalent strain range, {∆ε}infinite compliance−{∆ε}full inelastic, in the
ID and OD clad regions over the last cycle (b) as a function of α and ε̇ in the clad/316H base
system for the gradient load case.
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Figure 4.38: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle as a function of E in the Nickel clad/316H base
system for the gradient load case.
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Figure 4.39: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle as a function of E and α in the Nickel clad/316H
base system for the gradient load case.
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Figure 4.40: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last ycle as a function of E and ε̇ in the Nickel clad/316H
base system for the gradient load case.
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Figure 4.41: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle as a function of σ and α in the Nickel clad/316H
base system for the gradient load case.
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Figure 4.42: Design chart plotting the difference in the average creep damage,
{D̄c}infinite compliance − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic,
in the ID and OD clad regions over the last cycle as a function of σ and ε̇ in the Nickel clad/316H
base system for the gradient load case.
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Figure 4.43: Design chart plotting the difference the average creep damage, {D̄c}infinite compliance−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}infinite compliance − {∆ε}full inelastic, in the ID and OD clad
regions over the last cycle as a function of α and ε̇ in the Nickel clad/316H base system for the
gradient load case.

4.2.2 Elastic cladding

Finally then the IHX tube analysis was repeated to assess the elastic analysis method using
both a reference clad that matches the base (Figs. 4.44–4.49) and a reference TZM clad
(4.50-4.55). Guidelines on the applicability of the elastic analysis method for this case are:

Young’s modulus : Eclad < 1.25E316H

Yield stress : σclad > 0.6σ316H (4.5)

Thermal coefficient : αclad > 0.32α316H

Creep rate : ε̇clad < ε̇316H

with the same caveats mentioned for the other rules of thumb.

4.3 Summary

The simplified analysis results presented in this chapter demonstrate the feasibility of the
elastic and compliant analysis methods, provided the material property mismatches between
the clad and base materials fall into certain ranges. For both elastic and compliant analysis
the clad thermal expansion coefficient should be relatively close to that of the base material.
This restriction limits the thermal stress and strain induced by differential thermal expansion.
For the elastic clad analysis the clad yield stress should be generally higher than the base
material and the clad creep rate lower than the base material. For compliant analysis the
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Figure 4.44: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the ID and OD clad regions over the last cycle (b) as a function of E and σ in the clad/316H base
for the gradient load case.
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Figure 4.45: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the ID and OD clad regions over the last cycle (b) as a function of E and α in the clad/316H base
system for the gradient load case.
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Figure 4.46: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the ID and OD clad regions over the last cycle (b) as a function of E and ε̇ in the clad/316H base
sytem for the gradient load case.
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Figure 4.47: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the ID and OD clad regions over the last cycle (b) as a function of σ and α in the clad/316H base
sytem for the gradient load case.
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Figure 4.48: Design chart illustrating the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the clad ID and OD regions over the last cycle (b) as a function of σ and ε̇ in the clad/316H base
sytem for the gradient load case.
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Figure 4.49: Design chart illustration the difference in the average creep damage,
{D̄c}elastic cladding − {D̄c}full inelastic, in the base region during the hold of the last cycle (a) and
the minimum difference of ASME equivalent strain range, {∆ε}elastic cladding − {∆ε}full inelastic, in
the ID and OD clad regions over the last cycle (b) as a function of α and ε̇ in the clad/316H base
sytem for the gradient load case.
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Figure 4.50: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding−{∆ε}full inelastic, in the ID and OD clad regions
over the last cycle as a function of E and σ in the TZM Molybdenum clad/316H base sytem for
the gradient load case.
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Figure 4.51: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding−{∆ε}full inelastic, in the ID and OD clad regions
over the last cycle as a function of E and α in the TZM Molybdenum clad/316H base sytem for
the gradient load case.
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Figure 4.52: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding−{∆ε}full inelastic, in the ID and OD clad regions
over the last cycle as a function of E and ε̇ in the TZM Molybdenum clad/316H base sytem for
the gradient load case.
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Figure 4.53: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding−{∆ε}full inelastic, in the ID and OD clad regions
over the last cycle as a function of σ and α in the TZM Molybdenum clad/316H base sytem for
the gradient load case.
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Figure 4.54: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and the minimum difference
of ASME equivalent strain range, {∆ε}elastic cladding−{∆ε}full inelastic, in the ID and OD clad regions
over the last cycle as a function of σ and ε̇ in the TZM Molybdenum clad/316H base sytem for the
gradient load case.
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Figure 4.55: Design chart plotting the difference in the average creep damage, {D̄c}elastic cladding−
{D̄c}full inelastic, in the base region during the hold of the last cycle (a) and difference of ASME
equivalent strain range, {∆ε}elastic cladding−{∆ε}full inelastic, in the ID and OD clad regions over the
last cycle as a function of α and ε̇ in the TZM Molybdenum clad/316H base sytem for the gradient
load case.
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clad yield stress should generally be lower than the base material and the clad should creep
faster than the base.

These analyses also demonstrate that pure nickel is a viable material to analyze as com-
pliant and TZM is a viable material to analyze as elastic. These two materials are likely
candidates for high temperature MSR clads and so these results demonstrate the feasibility
of the proposed analysis methods for realistic material selections.
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5 Full component analysis

Chapter 4 verified the elastic and compliant analysis methods and established approximate
bounds on their use with high-throughput simulations of a simple cylindrical vessel. This
chapter extends these verification simulations to axisymmetric and full 3D analyses of rep-
resentative reactor components.

5.1 Axisymmetric analysis of a tubesheet

Figure 5.1 illustrates the analysis problem used in this section. The problem is an axisym-
metric analysis of a single tube/tubesheet connection. This model represents the critical
connection in the design of heat exchangers for elevated temperature service. The tubesheet
plate and the tubes are 316H stainless steel represented with an inelastic material model.
Both the tube and tubesheet and clad on both the inside and outside surfaces with pure
Ni. The tube is 4.5 mm thick, with an inner and outer 0.35 mm thick layer of Ni and the
remaining 3.8 mm 316H. The tube inner radius is 6.8 mm. The tubesheet is 16.8 mm thick,
with an inner and outer 1.4 mm thick layer of Ni and the remaining 14.0 mm 316H. This
structure could represent an intermediate heat exchanger in a MSR where both the shell and
tube surfaces are exposed to some corrosive molten salt coolant.

As with the simplified analysis, this section considers two analyses using the same ge-
ometry and loading conditions: one where a full inelastic model is used to represent the
deformation of the Ni clad and another using the compliant method of analysis, representing
the clad with a material with zero flow strength.

The figure also shows the loading conditions used in the problem. The tubes are under
a constant pressure of 1.38 MPa. The outer wall temperature of the tube and tubesheet
remains constant at 700◦ C. The inner wall temperature cycles between 700◦ C and 725◦

C following the temperature cycle shown in the figure. The wall temperature is increased
over 10 hours, held for 1000 hours, and then decreased over 10 hours. The simulation is a
multiphysics, coupled structural and heat transfer calculation. The thermal properties of
the nickel clad and 316H base material are those found in Section II of the ASME Code.
Figure 5.1 shows a typical temperature profile during a hold.

In phase with the temperature loading the simulation imposes a fixed displacement on
the bottom of the tube in the vertical direction, as shown in Figure 5.1. This represents the
constrained axial thermal expansion of the tube bundle relative to the heat exchanger shell.
The analysis repeats this load cycle ten times.

Figure 5.2 plots the mechanical strain components at the critical tubesheet/tube weld
location, shown on Figure 5.1. Figure 5.2 plots results for both the full inelastic and com-
pliant clad analyses. The simulation results show that the compliant analysis bounds the
mechanical strains found in the full simulation — the absolute values of the strain com-
ponents are always greater in the compliant simulation and therefore the strain range for
each cycle in the compliant simulation is greater than in the full calculation. The compliant
analysis results could then be safely used to design the tubesheet using one of the design
strategies discussed in Chapter 2.

Figure 5.3 shows fringe plots of the equivalent strain distribution at the end of the hold
during the final repetition of the load cycle. Again, the figure compares the full to the
compliant analyses. The strain distribution in the compliant analysis reasonably represents
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Component Axisymmetric model

Base (316H)

Clad (Ni or Mo)

Loading conditions Typical temperature profile

970 K
975 K
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985 K

990 K

995 K

1000 K

Tube/tubesheet interface

Figure 5.1: Sample problem used in this section: an axisymmetric representation of a single
tube/tubesheet interface. The tube and tubesheet are cladded on both the inside and outside
surfaces, representing a intermediate heat exchanger in a MSR.
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Figure 5.2: Figure plotting the equivalent strain at the tube/tube-sheet interface for the
full inelastic simulation of 316H cladded with Ni (solid) versus a compliant clad analysis
(dashed).
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Figure 5.3: The equivalent strain distribution in the full and compliant clad analysis at the
end of the final hold at temperature.
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Figure 5.4: The equivalent stress distribution in the full and compliant clad analysis at the
end of the final hold at temperature.

the spatial distribution of strain in the full analysis, in addition to bounding the pointwise
values of the strain components. Figure 5.4 is a similar fringe plot showing the equivalent
stress distribution at the same time. The stress distribution for the compliant analysis
adequately represents the distribution from the full analysis. Overall then, this simulation
demonstrates that the compliant analysis method is a reasonable approach for designing
compliant clad systems.

Figures 5.5 - 5.7 show results for the same structural configuration and loading conditions
but now changing the nickel clad to molybdenum. The comparison is now between full
inelastic elastic and the elastic analysis approach. Figure 5.5 shows the mechanical strain
results for the same location shown in Figure 5.1, Fig. 5.6 is a fringe plot of the equivalent
strain at the end of the hold in the final load cycle, and Fig. 5.7 is a similar plot of the
equivalent stress. The strain ranges, strain distributions, and stress distributions are very
similar between the full inelastic and elastic analyses, implying that the elastic analysis
approach is a reasonable approximation for this problem.

5.2 Full 3D analysis of a bent heat exchanger tube

Figure 5.8 illustrates the full 3D analysis problem used in this section. The model represents
a single tube of a fuel salt primary heat exchanger in a MSR. Fuel salt flows through the
tubes and the fission heat is transferred to the coolant salt flowing in the shells. The heat
exchanger tubes are often bent to accommodate the differential thermal expansion between
the inner and outer banks of tubes [39]. The heat exchanger tube considered for analysis is
60 mm long of which 20 mm is bent. The tube is 316H stainless steel, represented with an
inelastic material model. It is cladded on both inner and outer surfaces as both are exposed
to corrosive molten salt. The clad material is either Ni or Mo. The tube is 0.2 mm thick,
with an inner and outer 0.02 mm thick layer of clad and the remaining 0.16 mm of 316H
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Figure 5.5: Figure plotting the equivalent strain at the tube/tube-sheet interface for the full
inelastic simulation of 316H cladded with Mo (solid) versus an elastic clad analysis (dashed).
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Figure 5.6: The equivalent strain distribution in the full and compliant clad analysis at the
end of the final hold at temperature.
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Figure 5.7: The equivalent stress distribution in the full and compliant clad analysis at the
end of the final hold at temperature.

stainless steel. Figure 5.8 a shows half of the tube. The tube is symmetric about XY plane
along x-direction and about YZ plane at x = 30 mm. The symmetric FE model of the tube
is shown in Figure 5.8c. A fixed displacement boundary condition is applied at x = 0 end
of the tube. Figure 5.8b shows the loading condition used in this problem. The outer wall
temperature remains constant at 670◦ C, while the inner wall temperature cycles between
670◦ C and 730◦C. The inner wall temperature is increased from 670◦ C to 730◦ C over 1
hour, held for 100 hours, and then decreased to 670◦ C over 1 hour. A linear temperature
gradient is considered between inner and outer wall. Figure 5.8d shows a typical temperature
contour during hold.

Two sets of structural analyses are performed using the same geometry and loading condi-
tions. In the first set, a full inelastic model is used to represent Ni/316H/Ni (clad/base/clad)
system and compared with another using the compliant method of analysis representing the
clad with a material with zero flow strength. The second set compares a full inelastic analysis
of Mo/316H/Mo system with an elastic analysis. The thermal loading cycle is repeated 12
times for the first set of analysis and repeated for 30 times for the second set of analysis.
Temperature independent material properties (at 700◦ C) are used for the simulation. Ma-
terial properties are listed in Tables 4.3, 4.4, and 4.5. The simulation results are analyzed at
two locations: one at the middle of the straight section of the tube and another at the end
of the bend, as indicated by location-1 and location-2, respectively, in Figure 5.8c.

Figure 5.9 compares the von Mises contours, after heat up at 12th load cycle, between
the full inelastic simulation of Ni/316H/Ni system and the compliant clad analysis. As the
clad material has zero flow strength there is no stress on clad in complaint clad analysis.
Stress components, across tube thickness, from two analysis are compared in Figures 5.10
and 5.11. Figure 5.10 shows stress components for location-1, while Figure 5.11 shows for
location-2. Stress profiles are shown for after heat up, after hold, and after cool down, all
in 12th load cycle. Von Mises stress relaxation profiles, during hold at 12th load cycle, at
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Figure 5.8: (a) Geometry of the bent heat exchanger tube, (b) thermal loading profile, (c)
symmetric FE model of the tube, and (d) temperature contour at a typical instant. The
tube is cladded on both the inside and outside surfaces. Simulation results are analyzed for
location-1 and location-2 as indicated in c.

Figure 5.9: Von Mises stress contours after heat up in 12th load cycle. Results are from (a)
a full inelastic simulation of 316H cladded with Ni and (b) a compliant clad analysis.
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Figure 5.10: Stress components, after (a) heat up, (b) hold, and (c) cool down in 12th load
cycle, across the thickness in location-1 (see Figure 5.8c). Results are from a full inelastic
simulation of 316H cladded with Ni and a compliant clad analysis.
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Figure 5.11: Stress components, after (a) heat up, (b) hold, and (c) cool down in 12th load
cycle, across the thickness in location-2 (see Figure 5.8c). Results are from a full inelastic
simulation of 316H cladded with Ni and a compliant clad analysis.
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Figure 5.12: Stress relaxation profiles at different locations of clad and , in (a) location-1
and (b) location-2 (see Figure 5.8c), during hold in 12th load cycle. Results are from a full
inelastic simulation of 316H cladded with Ni and a compliant clad analysis.

different points across tube thickness are plotted in Figure 5.12. Figure 5.12 also compares
the stress relaxation profile between two analysis methods. In all the cases (Figures 5.10 to
5.12), both analysis methods provide similar stress profiles in the base.

Similarly, the mechanical strain components, across tube thickness, from two analysis
are compared in Figures 5.13 and 5.14. As seen in the stress profiles, both analysis method
provides similar results for mechanical strain profiles in the base. However, strain profiles in
clad are significantly different from two analysis.

To examine whether the complaint clad analysis bounds the mechanical strains found in
the full simulation, ASME equivalent strain range from two analysis methods are compared
in Figure 5.15. As seen in the figure, the equivalent strain ranges from compliant clad analysis
is greater than those from full simulation in clad and very close in the base. Creep damage
in the base for 12th load cycle from two simulations are compared in Figure 5.16. Simulation
results show that the compliant clad analysis bounds the full inelastic simulation results for
location-1 (straight section). In location-2 (bent section) creep damage from compliant clad
analysis is found to be little less than that from full inelastic analysis method, however, the
difference is not very significant. Moreover, the creep damage values in location-2 are much
lower than those in location-1, which means the creep damage values in location-1 bounds
those in location-2. This also signifies the importance of analyzing simulation results both
in straight (location-1) and bent (location-2) section of the tube. For example, von Mises
stress and equivalent strain range are higher in location-1, while creep damage is higher is
location-2. Note that, one would expect higher creep damage in location-2 due to higher von
Mises stress. However, ASME uses the Huddleston equivalent stress for calculating creep
damage (ASME BPVC.III.5-2017 HBB-T-1411). The equivalent stress in the bent section
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Figure 5.13: Mechanical strain components, after (a) heat up, (b) hold, and (c) cool down
in 12th load cycle, across the thickness in location-1 (see Figure 5.8c). Results are from a
full inela
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Figure 5.14: Mechanical strain components, after (a) heat up, (b) hold, and (c) cool down
in 12th load cycle, across the thickness in location-2 (see Figure 5.8c). Results are from a
full inelastic simulation of 316H cladded with Ni and a compliant clad analysis.

Figure 5.15: ASME equivalent strain range, plotted over thickness in (a) location-1 and
(b) location-2, for the 12th load cycle. Results are from a full inelastic simulation of 316H
cladded with Ni and a compliant clad analysis.
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Figure 5.16: Creep damage in the base, plotted over thickness in (a) location-1 and (b)
location-2, for the 12th load cycle. Results are from a full inelastic simulation of 316H
cladded with Ni and a compliant clad analysis.

Figure 5.17: Von Mises stress contours after heat up in 30th load cycle. Results are from
(a) a full inelastic simulation of 316H cladded with Mo and (b) an elastic clad analysis.

is lower than that in straight section.
The second set of comparisons is performed between results from the full inelastic simula-

tion of Mo/316H/Mo system and the elastic clad analysis. Figure 5.17 shows von Mises stress
contours after heat up at 30th cycle. Unlike the compliant clad analysis (Figure 5.9b), high
stress in clad is observed in elastic clad analysis. Stress components, across tube thickness,
from full inelastic simulation of Mo/316H/Mo and elastic clad analysis are plotted in Figure
5.18 and 5.19, respectively, for location-1 and location-2. Stress components are shown for
after heat up, after hold, and after cool down, all in the 30th load cycle. As seen from the
figures, stress from both simulation are similar. Similar observation can also be seen in stress
relaxation profiles, shown in Figure 5.20, during hold in 30th load cycle. Strain components
across the thickness are compared in Figures 5.21 and 5.22, for location-1 and location-2.
Strain components are shown for after heat up, after hold, and after cool down, all in 30th
load cycle. As seen in figures, strain profiles from both simulation are very similar. The
ASME equivalent strain range and creep damage in the base are similar in both simulations,
as shown in Figure 5.23 and 5.24. Therefore, the elastic clad analysis is a reasonable design
analysis approach for this problem.
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Figure 5.18: Stress components, after (a) heat up, (b) hold, and (c) cool down in 30th load
cycle, across the thickness in location-1 (see Figure 5.8c). Results are from a full inelastic
simulation of 316H cladded with Mo and an elastic clad analysis.
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Figure 5.19: Stress components, after (a) heat up, (b) hold, and (c) cool down in 30th load
cycle, across the thickness in location-2 (see Figure 5.8c). Results are from a full inelastic
simulation of 316H cladded with Mo and an elastic clad analysis.
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Figure 5.20: Stress relaxation profiles at different locations of clad and base, in (a) location-1
and (b) location-2 (see Figure 5.8c), during hold in 30th load cycle. Results are from a full
inelastic simulation of 316H cladded with Ni and an elastic clad analysis.
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Figure 5.21: Mechanical strain components, after (a) heat up, (b) hold, and (c) cool down
in 30th load cycle, across the thickness in location-1 (see Figure 5.8c). Results are from a
full inelastic simulation of 316H cladded with Mo and an elastic clad analysis.
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Figure 5.22: Mechanical strain components, after (a) heat up, (b) hold, and (c) cool down
in 30th load cycle, across the thickness in location-2 (see Figure 5.8c). Results are from a
full inelastic simulation of 316H cladded with Mo and an elastic clad analysis.

Figure 5.23: ASME equivalent strain range, plotted over thickness in (a) location-1 and
(b) location-2, for the 30th load cycle. Results are from a full inelastic simulation of 316H
cladded with Mo and an elastic clad analysis.
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Figure 5.24: Creep damage in the base, plotted over thickness in (a) location-1 and (b)
location-2, for the 30th load cycle. Results are from a full inelastic simulation of 316H
cladded with Mo and an elastic clad analysis.
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6 Conclusions

This report establishes a path towards developing design rules for cladded, high temperature
nuclear components that does not require long-term test data for potential clad materials.
The objective is to enable MSR developers to use cladding to protect existing Class A metallic
materials from corrosion. This approach avoids code qualifying new corrosion resistant
materials and should shorten the path towards designing and putting into service MSRs
with long service lives.

The approach developed here relies on categorizing clad/base combinations into either
elastic or compliant systems. This report proposes analysis and potential design strategies
that avoid long term testing for clad/base material combinations that fall into these cat-
egories. Chapter 4 develops tentative bounds on which types of material systems can be
accurately represented with each of the two approaches based on high throughput simula-
tions using a simplified mechanical representation of a cladded vessel, developed in Chapter
3. Chapter 2 describes path towards full design methods using these elastic and compliant
analysis strategies and Chapter 5 verifies aspects of the methods using finite element analyses
of prototypical reactor components.

An appendix to this report lists mechanical properties for several potential clad mate-
rials. This list does not take into account corrosion in specific MSR salt chemistries nor
does it consider the effects of radiation damage. Future modeling work will assess the clad
materials, and the compliant/elastic design process itself, for suitability if either the clad or
base material swells significantly when exposed to radiation. This will be especially impor-
tant for fuel-salt concepts where the structural materials will undergo much higher radiation
exposure than in other advanced reactor or LWR designs.

The next step will be developing a complete set of design rules. This will involve selecting
one of the routes described in Chapter 2 and developing it into a complete design method. As
noted in the introduction, part of this development must include identifying and validating
acceptance tests for the clad/base bond. Additionally, an experimental program will be
needed to collect short-term mechanical properties for clad materials. For compliant clads
this program will need to include some short-term creep and/or creep-fatigue testing.
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A Mechanical properties of potential clad materials

This appendix collates various mechanical properties of potential clad materials at room
temperature and 700◦C, which is a reasonable operating temperature for a future MSR. The
final table also surveys the reactivity of the various materials with fluoride and chloride salts,
but this information should be regarded as preliminary.

Table A.1: Nominal mechanical and thermal properties at room temperature

Young’s modulus Poisson Yield Thermal coefficient Reference

E [MPa] ν [-] σy [MPa] α [mm/(mm×◦C)−1]

Ni 205000 0.3 105.0 13.3×10−6 [1]

W 408000 0.28 941.0 4.2×10−6 [23, 45]

W-25Re 430000 0.29 973.0–1584.0 3.7–3.96 [2, 13, 15]

×10−6 [28, 35]

W-5Re 405000 0.3 - 4.5 [2, 43, 46]

Mo 330000 0.356 330.0 5.0×10−6 [22]

Mo-TZM 284000 0.33 760.0 5.0×10−6 [22]

Ta 186000 0.35 600.0 6.4×10−6 [16]

Nb 104000 0.4 285.0 7.3×10−6 [13]

Table A.2: Strength properties at room temperature. UTS = Ultimate Tensile Strength

UTS Elongation to failure Reference

[MPa] [%]

Ni 865.0 39.0 [1]

W 1482.37 0.2 [8]

W-25Re 1370.0 20.0 [2]

W-5Re 1100.0 10.0 [2, 43, 46]

Mo 645.0–782.0 20.0–42.0 [8, 19, 48]

Mo-TZM 800.0–1000.0 14.5 [19]

Ta 607.0 19.0 [16]

Nb 285.0 42.0 [7, 13]
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Table A.3: Fracture properties at room temperature

Fracture toughness JIc Absorbed energy Reference

[MPa mm1/2] [J/mm2] [J]

Ni 6514.3 1.95 271.0 [1, 30]

W 411.1 252.98 - [33]

W-25Re - - -

W-5Re 347.85 63.246 - [33]

Mo 632.46 - - [11]

Mo-TZM 600.833 - - [11]

Ta - - -

Nb 1584.3 81.9 32.0 [21]

Table A.4: Nominal mechanical and thermal properties at 7000C

Young’s modulus Yield Thermal coefficient Reference

E [MPa] σy [MPa] α [mm/(mm×◦C)−1]

Ni 174000 43.0 15.8×10−6 [1]

W 374000 677.0 4.43×10−6 [23, 45]

W-25Re - - 5.51×10−6 [13]

W-5Re - 832.0 4.92×10−6 [46]

Mo 294000 225.0 5.5×10−6 [22]

Mo-TZM 220000 627.0 5.5×10−6 [22]

Ta 179000 425.0 6.79×10−6 [16]

Nb 80000 136.2 7.84×10−6 [13]

Table A.5: Strength properties at 7000C. UTS = Ultimate Tensile Strength

UTS Elongation to failure Time to 1% creep strain at 2σy/3 Reference

[MPa] [%] (hr)

Ni 105.0 84.0 4.73e+09 [1, 6]

W 534.0 15.0 6.77e+19 [6, 8]

W-25Re - - -

W-5Re 880.0 - - [6, 46]

Mo 435.0–559.0 23.0 5.24e+13 [6, 19, 22]

Mo-TZM 624.0–798.0 13.0 3.64e+11 [6, 48]

Ta 468.0-496.0 9.3-14.0 6.04e+12 [6, 16]

Nb - - 7.78e+07 [6]
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Table A.6: Fracture properties at 7000C

Fracture toughness JIc Absorbed energy Reference

[MPa mm1/2] [J/mm2] [J]

Ni - - -

W 1043.55 1233.29 - [33]

W-25Re - - -

W-5Re - 1897.37 - [33]

Mo - - -

Mo-TZM - - -

Ta - - -

Nb - 30.0 - [20]

Table A.7: Reactivity properties

Reactivity to chloride salts Reactivity to fluoride salts Neutron activation Reference

Ni excellent excellent - [47, 59]

W excellent excellent - [24, 59]

W-25Re poor poor - [59]

W-5Re poor excellent - [59]

Mo excellent excellent - [24, 31, 38, 59]

Mo-TZM excellent excellent - [25, 59]

Ta excellent excellent - [24, 31, 59]

Nb good good excellent [31, 59]
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